Titania coating of mesoporous silicas (MSs) with different pore size was performed several times under thoroughly dried circumstances. When the pore size was 3 nm, the pore-plugging took place by only one time coating. On the other hand, for the pore size of 7 nm, a uniform coating with titania layer could be achieved until three time coating, and for that of 10 nm, the uniform coating without pore-plugging was obtained even after five time coating. These observations could be explained by the difference in the curvature of the silica pore walls.
Preparation of Mesoporous Silica Uniformly Coated with Titania and Its Application to Hydrodesulfurization Catalyst
Titania coating of mesoporous silicas (MSs) with different pore size was performed several times under thoroughly dried circumstances. When the pore size was 3 nm, the pore-plugging took place by only one time coating. On the other hand, for the pore size of 7 nm, a uniform coating with titania layer could be achieved until three time coating, and for that of 10 nm, the uniform coating without pore-plugging was obtained even after five time coating. These observations could be explained by the difference in the curvature of the silica pore walls.
From various analyses and characterization, it was found that the titania coating was uniform and that three time coating was needed to coat all the silica walls and then possible coating mechanism was proposed.
The MSs coated with titania were applied as the support of Mo catalyst for hydrodesulfurization (HDS) of sulfur-containing aromatics. The effect of titania coating on the dibenzothiophene HDS was not significant, but positive increase in activity was observed for 4,6-dimethyldibenzothiophene HDS. This increase was due to the enhancement of hydrogenation ability, in agreement with the results from the naphthalene hydrogenation. Moreover, it was found the formation of three-dimensional pores is very useful to increase the HDS activity. 
Introduction
Tita nia is widely used as white pig ments, photocatalysts 1) , catalyst supports 2) and so on. .
To prepare titania with high surface area, many researchers have reported the coating of mesopore walls of the ordered mesoporous silica with titania layers 10) ～ 15)
.
Vradman and co-workers reported that titanium butoxide as a titania source was added to a suspension of mesoporous silica particles in n-decane to form titania nanocrystals inside mesopores 10) 11)
. Perathoner et al. have used titanium isopropoxide as a titania source and performed the reaction of hydroxyl groups on mesoporous silica surface with titanium isopropoxide in various anhydrous organic solvents 12) .
They concluded that a kind of solvents did not affect structure of titania formed in mesoporous silica and that mesopore walls were coated with titania when the titania content was below 12 wt%.
Multiple coating of mesoporous silicas with titania was also reported. Yan et al. used sol-gel modification of mesopore walls of SBA-15 (pore size is 8.5 nm) with titanium tetraisopropoxide and titanium tetrachloride to coat the pore walls with titania and the coating procedure was repeated three times 14) . The isotherms of nitrogen adsorption-desorption showed declined steps. This indicates that mesopore size was not uniform. Zhang et al. had also reported multiple coating with titania. The mesopore walls of SBA-15 with a diameter of ca. 7 nm were coated with titanium isopropoxide in iso-propanol and the coating procedure was repeated up to 4 times 15) . The nitrogen adsorption-desorption analysis revealed titania coating to be ununiform after three-time coating. They concluded that 2 nm or smaller TiO2 domains which cover only partially the silica surface.
To our best knowledge relating to the titania coating of mesoporous silica, there has been no report to show the coating of pore walls with uniform titania layers; the pores were plugged with small titania particles and/or titania particles were formed independently outside mesoporous silica. We supposed that a small pore size might lead to the formation of Ti-O-Ti bridges across the diameter to form small titania particles in the pores. The effect of the pore size, therefore, was examined in the present study. Also, to uniformly coat the mesopore walls with titania layers, the solvent selection and the pretreatment of mesoporous silica should be careful, avoiding moisture during the coating.
Thus, in this work, a dry toluene solvent was chosen and mesoporous silica was dried thoroughly before coating. h. The prepared mesoporous silica was shown as MS-x (x is pore size).
According to the procedure in our previous study 23) , the formation of three-dimensional network of mesopores in MS-7 was performed. Channels interconnected between neighboring pores were formed by the following method.
Dried MS-7 (1 g) was added to deionized water (3 mL) in which KCl (0.01 g, Kanto Chemical Co.) was dissolved.
The mixture was settled overnight, dried via vacuum before a further 1 mL of water was added to introduce the salt loaded on the external surface of the MS-7 particles into the pores. After settling overnight and drying via vacuum, the white powder was dried at 200 °C in an oven overnight. After loading KCl, the powder (0.5 g) was placed
into a fixed-bed flow reactor, dimethyl carbonate (DMC, 96 kPa, Kanto Chemical Co.) was fed into the reactor at 370 °C following heat treatment at 370 °C for 1 h. The proportion of decomposition was calculated from the yield of tetramethoxysilane as a decomposition product, which was analysed using gas chromatography (GC). The proportion of silica decomposition was controlled at 30% in MS-7. To remove the potassium ion, the DMC-treated MS-7 was stirred in an aqueous HNO3 solution (0.1 M, 30 mL, Kanto Chemical Co.) overnight, washed thoroughly with water and dried at 150 °C overnight. Finally, the treated mesoporous silica was calcined at 400 °C for 4 h to remove carbon deposits formed by DMC self-decomposition.
Coating mesopore walls with titania layers
The mesoporous silica (MS) was died at 250 °C for 3 h in vacuum. The dried MS (1 g) was dispersed in a dry toluene (130 g, Kanto Chemical Co.) by sonication. Titanium tetraisopropoxide (Ti/Si = 0.30, Wako Pure Chemical Industries) in a dry toluene (17 g) was added dropwisely to the suspension under dry N2, and the mixture was stirred for 20 h and washed. The coated silica was dried at 140 °C for 2 h and calcined at 550 °C for 6 h to remove the propoxy groups. This coating procedure was repeated up to 5 times.
Characterization of mesoporous silicas
Nitrogen adsorption-desorption measurements were carried out on Bellsorp mini (Bel Japan). Samples were prepared by drying at 300 °C for 3 h under a dry nitrogen stream before analysis. The pore size distributions were calculated from the adsorption isotherms.
The elemental analysis was performed using an inductively coupled plasma-optical emission spectrometer (ICP-OES) Prodigy ICP (Leeman Labs, Inc.). The samples (0.01 g) were added to a mixture (1 mL) of 26.5% hydrochloric acid, 21% sulfuric acid and 3% hydrofluoric acid, and heated at 150 °C for 6 h in an autoclave to dissolve the sample completely.
The amount of silanol groups was estimated by dehydration of silanol groups using a thermogravimetric analyzer TGA-50 (Shimadzu Co.). The mesoporous silica was heated to 900 °C at 10 °C min -1 of increasing rate of the temperature, and the temperature was kept for 1 h.
From the weight loss due to water formation, the amount of silanol groups was calculated.
Transmission electron microscopy (TEM) images of MSs coated with titania were acquired using a HD- 
Mo catalyst preparation
Mo oxide catalysts supported on the synthesized mesoporous materials (MoO3/support) were prepared by a conventional impregnation method using (NH4)6Mo7O24･4H2O
(AHM) as precursor 26) 27) . The support was impregnated with a solution of AHM, followed by evaporation of the impregnation solution at ca. 80 °C for 5 h. Then, the catalyst was dried at 100 °C for 16 h. The catalyst was calcined at 500 °C for 5 h in air. The Mo loading was fixed at 10 wt% MoO3.
The MoO3/support catalyst thus prepared was presulfided at 350 °C for 3 h in a 10% H2S/H2 flow at an atmospheric pressure.
Catalytic HDS and HYD reaction
The HDS reaction of dibenzothiophene (DBT) and 4,6-dimethyl-dibenzothiophene (4,6-DMDBT) was carried out by batch mode using an autoclave reactor 26) . The i.e. titania was incorporated into the pores. The steps in the isotherms of MS-7 and MS-10 were still steep. For the pore size of 3 nm (MS-3), however, a step was declined, and the titania coating slightly broadened the peak of the pore size distribution of MS-3 as shown in Fig. 1(b) , indicating that the pore size was not uniform. These results showed the pore size larger than 7 nm is necessary for the uniform coating.
When drying of MS-7 was not enough (heated at 140 °C for 3 h), the leaning of this step was observed, indicating that thorough drying of the silica is required for the uniform coating.
MS-7 and MS-10 were coated with titania up to five times, and the results are shown in Figs. 2 and 3, respectively. For both samples, the pore size decreased with an increase of the number of coating times. In the isotherms of MS-7 after coating over four times, the steps were slightly declined. This suggests that mesopore walls
were not uniformly coated with titania after four-time coating. On the other hand, the isotherms of MS-10 coated with titania showed the uniformity even after five-time coating.
The results of the elemental and structural analyses of MS-7 and MS-10 after multiple coating are summarized in Table 1 . The ratio of Ti/Si increased with the number of coating times, and pore volume decreased. Fig. 4 shows the effect of the number of coating times on Ti/Si ratio of MS-7 and MS-10 coated with titania. The Ti/Si ratios were proportional to the number of coating times, indicating that the amount of titania coated one time was constant.
The increments in titanium amount at each coating step, Fig. 1 Nitrogen adsorption-desorption isotherms (a) and pore size distributions (b) before and after one time coating with titania for mesoporous silicas with different pore sizes (MS-3, MS-7, silicas revealed that the amounts of silanol groups of MS-7
and MS-10 were 3.9 and 3.6 mmol g -1 -SiO2, respectively.
Considering that titanium tetraisopropoxide reacts with silanol groups on the pore walls, the titanium propoxide which was almost half amounts of the silanol groups are consumed for both MS-7 and MS-10. Increase of the titanium tetraisopropoxide amount (the mole ratio of Ti in titanium tetraisopropoxide to Si in mesoporous silica = 0.60) Based on above various characterizations, the speculated structure of the titania-coated silica walls could be proposed. Fig. 6 shows an example when titania coating was performed three times. At each coating step, the titanium isopropoxide was possibly linked to the walls with the two bonds. We speculated that large curvature of the pore walls might lead to ununiform coating of titania; MS-3 had small mesopores, whose curvature was much larger than those of MS-7 and MS-10. After three-time coating of MS-7, the pore size was smaller, possibly resulting in ununiform coating as mentioned before. When the pores with large curvature were coated with titania, a titanium tetraisopropoxide molecule could react with two silanols which were far from each other along pore circumference.
Actually, the distances in a straight line from a point 1 nm away along pore circumference (0.982 nm) are smaller than that (0.998 nm) for MS-10. As a result, titanium distribution on silica walls may be uneven owing to formation of titania clusters inside the pores.
To examine the properties of titania layers, the amount of ammonia adsorbed on titania was measured for MS-7 and MS-10 using ammonia TPD analysis. Although it is generally accepted that Brønsted acid sites do not play an important role in HDS activity with Mo sulfide catalysts, it affects the dispersion of Mo sulfide particles through Mosupport interaction. Firstly it was confirmed that ammonia was not adsorbed on the MS itself and that pure titania (anatase) has the ability for ammonia adsorption owing to its acidity. The amount of adsorbed ammonia increased and then almost leveled off with an increase of coating time (Fig.   7 ). This suggests that mesopore wall was almost coated with titania layers after three-time coating.
The results of UV-Vis analysis of the coated silica also suggest that three times of titania coating was necessary to coat the whole walls with titania. Fig. 8 shows UV-Vis spectra of titania-coated MS-7 and MS-10.
In the spectra of the samples coated once, the absorption wavelength was low, because titanium atoms were isolated . With the coating time, the wavelength increased and after three-time coating the absorption wavelength was hardly changed. This implies that Ti-OTi bonds were formed and that properties of titania layers possibly became similar to those of bulk titania after threetime coating.
Density of titania layers was calculated with the data from elemental analysis and nitrogen adsorption-desorption. than that of anatase. Also significant peaks due to anatase
were not observed in XRD charts for both samples. These results revealed that the loaded titania was amorphous. It should be noted that the density of titania in MS-10 was larger than that in MS-7. As described above, the amount of silanol groups of the uncoated mesoporous silica determined the amount of loaded titania. The densities of silanol groups on the pore walls of MS-7 and MS-10 were 4.5 and 6.6 x 10 -6 mol m -2 , respectively, causing different densities.
Coating mesopore walls of D M C -treated mesoporous silicas with titania layers
From the aspect of usage of titania-coated mesoporous silicas as supports for hydrodesulfurization catalysts, mesoporous silica with three-dimensional pore network was more suitable for highly active catalysts than one-dimensional mesoporous silicas. Among three MSs with different pore sizes, MS-7 was selected for the DMC treatment since MS-7 had a higher surface area than MS-10. As mentioned above, three-time coating of MS-7 resulted in uniform coating. Therefore, titania coating of DMC-treated MS-7 was carried out three times. Fig. 10 shows the isotherms and the pore size distribution of DMCtreated MS-7 with and without titania layers. After DMC treatment, pore volume increased owing to an increase of silica wall density, along with an increase of pore size.
Coating with titania decreased pore size. The isotherm of DMC-treated MS-7 with titania layers indicates that the pore walls were uniformly coated with titania. The specific surface area of the DMC-treated MS-7 with titania was 590 m 2 g -1 .
Hydrodesulfurization with Mo catalysts
The DBT-HDS activities for Mo/MS-7 with and without titania coating are listed in Table 2 . In this reaction, Both (1) and (2) lead to an increase of active sites. Also, (3) titania changes the interaction between MoS2 cluster and the support suitable for HDS reaction. In the case of our supports, titania exists on silica as a layer, thus it might be difficult and complicated to understand the results in Table   2 . In order to understand it, however, TEM measurements were performed for the catalysts after presulfurization; we could not observe a significant difference in the size and the number of layer of MoS2 among the samples examined. To obtain information on the interaction between MoS2 cluster and the support, and to clarify the contribution of titania to reaction pathway for DBT species, naphthalene HYD was carried out and the results are summarized in Table 3 . It is apparent that HYD activity to aromatics was increased by the titania coating, indicating the change of the interaction.
Unfortunately, this increase of HYD activity did not affect the HDS activity because the direct removal of sulfur is the main route rather than the hydrogenation route for DBT-
. Although the reason why the HYD activity to aromatics was increased by the titania coating is uncertain at moment, Ji et al. also found that MoS2 supported on alumina-stabilized titania shows higher HYD activity for tetralin than that supported on alumina 30) . They attributed the cause of high HYD activity of titania supported MoS2 catalysts to the difference of interaction between the sulfide phase and the support. Table 4 shows the effect of both titania coating and three-dimensional pores on HDS of 4,6-DMDBT. For MS-7, the conversion was significantly increased from 7.4 to 18.2% by the titania coating. For MS-7(DMC) with threedimensional pores, the conversion was also gained from 30.3 to 39.3% by the titania coating. These results indicated that titania coating is useful to enhance the HDS activity for 4,6-DMDBT, in contrast to that for DBT. The aromatic HYD plays an important role for the HDS of 4,6-DMDBT 31) 32)
Thus the increase of the HYD activity (see Table 3 ) by the titania coating can be considered to enhance the HDS activity. Relating to the effect of three-dimensional pores, a MS-7 treated by DMC to form three-dimensional pores the HDS conversion for MS-7 was significantly increased from 7.4 to 30.3%. This implies that the pore size of 7 nm with two entrances (or exits) is insufficient for the diffusion of 4,6-DMDBT. Also for the titania coated MS-7/Ti(3), the increase in HDS conversion was observed from 18.2 to 39.3% by creating the three-dimensional pores. These results strongly revealed that the formation of threedimensional pores is useful in the HDS of light gas oil which contains refractory sulfur compounds such as 4,6-DMDBT.
Conclusions
The coating of mesoporous silica with titania was carried out under thoroughly dried circumstances in the preparation. The formation of uniform titania layer depended on the pore size of MS; the larger pore size was more preferable to achieve the uniform titania layer. According to characterization of titania coated MS with various analyses, it was found that one titanium isopropoxide molecule was linked with two Ti-O-Si bonds and we proposed the mechanism of the titania layer formation.
Various MSs were use as the support of HDS catalyst. The titania coating of MS increased the HDS activity for 4,6-DMDBT HDS, while positive effect was not observed for DBT HDS. This activity increase was due to the change of the interaction between MoS2 and support, that is, HYD ability was improved and thus contributed to show a high HDS activity, in good agreement with the result from naphthalene HYD. Furthermore, we clarified that the formation of three-dimensional pore was useful to the reactant diffusion, resulting in a very high HDS activity.
